. Incorporation and utilization of [3-13 C]lactate and [1,2-13 C]acetate by rat skeletal muscle. J. Appl. Physiol. 86(6): 2077 -2089 , 1999.-Skeletal muscle can utilize many different substrates, and traditional methodologies allow only indirect discrimination between oxidative and nonoxidative uptake of substrate, possibly with contamination by metabolism of other internal organs. Our goal was to apply 1 H-and 13 C-nuclear magnetic resonance spectroscopy to monitor the patterns of [3-13 C]lactate and [1,2-13 C]acetate (model of simple carbohydrates and fats, respectively) utilization in resting vs. contracting muscle extracts of the isolated perfused rat hindquarter. Total metabolite concentrations were measured by using NADH-linked fluorometric assays. Fractional oxidation of [3-13 C]lactate was unchanged by contraction despite vascular endogenous lactate accumulation. Although label accumulated in several citric acid cycle (CAC) intermediates, contraction did not increase the concentration of CAC intermediates in any muscle extracts. We conclude that 1) the isolated rat hindquarter is a viable, well-controlled model for measuring skeletal muscle 13 C-labeled substrate utilization; 2) lactate is readily oxidized even during contractile activity; 3) entry and exit from the CAC, via oxidative and nonoxidative pathways, is a component of normal muscle metabolism and function; and 4) there are possible differences between gastrocnemius and soleus muscles in utilization of nonoxidative pathways. citric acid cycle; glycolysis; gastrocnemius; soleus; isolated perfused rat hindquarter; carbon-13-nuclear magnetic resonance spectroscopy; hydrogen-1-nuclear magnetic resonance spectroscopy; muscle metabolism; anaplerosis; lactate shuttle THERE HAS LONG BEEN INTEREST in measuring the relative flux of metabolic pathways in skeletal muscle as well as other tissues. Specifically, skeletal muscle can utilize a wide variety of substrates. During rest, ϳ40% of oxygen uptake (V O 2 ) is used for carbohydrate oxidation, and the rest, ϳ60%, is used for fat oxidation (9). As the metabolic rate is increased, such as during progressively intense contractile exercise, not only is the overall rate of substrate utilization increased but also the relative fraction of carbohydrate utilization increases. During intense exercise, the respiratory quotient (considering only carbohydrates and fats) can approach a value of 1.0, which would be a condition where 100% of the V O 2 was being used for carbohydrate oxidation (9). This is usually accompanied by an increase in both muscle and venous blood lactate concentration ([lactate]), leading to the classic interpretation that lactate accumulation is a result of an energy supply-demand mismatch (50). However, on the basis of both old (3) and recent (6, 8, 7, 36 ) data, it is probably more correct to conclude that lactate accumulation is not simply the result of a supply-demand mismatch but is more closely related to the balance of production and utilization of pyruvate, the cytosolic redox state (24), and the balance of lactate production in the cytosol and lactate utilization in the mitochondria (7). Additionally, the shift from fat to carbohydrate utilization may involve management of citric acid cycle (CAC) intermediate (CACI) concentrations via ancillary reactions of the CAC that include carbohydrates (12, 28) .
THERE HAS LONG BEEN INTEREST in measuring the relative flux of metabolic pathways in skeletal muscle as well as other tissues. Specifically, skeletal muscle can utilize a wide variety of substrates. During rest, ϳ40% of oxygen uptake (V O 2 ) is used for carbohydrate oxidation, and the rest, ϳ60%, is used for fat oxidation (9) . As the metabolic rate is increased, such as during progressively intense contractile exercise, not only is the overall rate of substrate utilization increased but also the relative fraction of carbohydrate utilization increases. During intense exercise, the respiratory quotient (considering only carbohydrates and fats) can approach a value of 1.0, which would be a condition where 100% of the V O 2 was being used for carbohydrate oxidation (9) . This is usually accompanied by an increase in both muscle and venous blood lactate concentration ([lactate]), leading to the classic interpretation that lactate accumulation is a result of an energy supply-demand mismatch (50) . However, on the basis of both old (3) and recent (6, 8, 7, 36 ) data, it is probably more correct to conclude that lactate accumulation is not simply the result of a supply-demand mismatch but is more closely related to the balance of production and utilization of pyruvate, the cytosolic redox state (24) , and the balance of lactate production in the cytosol and lactate utilization in the mitochondria (7) . Additionally, the shift from fat to carbohydrate utilization may involve management of citric acid cycle (CAC) intermediate (CACI) concentrations via ancillary reactions of the CAC that include carbohydrates (12, 28) .
Since originally proposed (10, 11) , the use of 1 H-and 13 C-nuclear magnetic resonance (NMR) and 13 C-isotopomer analysis has become a very powerful tool for the study of yeast (46) , liver (48) , and cardiac (21, 31) metabolism. This combination of methodologies provides information not obtainable with use of more traditional measurement methodologies (6, 8, 23, 36, 44) . However, there are many technical difficulties to be overcome before this methodology can be used as robustly in skeletal muscle. As evidence, a recent literature search found only three papers published (2 of which are addressed below) that combined 1 H-and 13 C-NMR and 13 C-isotopomer analysis to study skeletal muscle metabolism.
In the first of these papers, Szczepaniak et al. (49) demonstrated that prolonged [2-13 C]acetate infusion in the intact, anesthetized rabbit can result in very wellenriched and easily interpretable 1 H and 13 C spectra and observed (among other things) that anaplerosis was much greater in resting skeletal muscle than seen in analogous settings in, for example, the rodent heart. This is significant because anaplerosis, defined as the flux through citrate synthase not due to the flux of acetyl-CoA units directly oxidized in the first two turns of the CAC (28) , can be measured most correctly from a well-enriched 13 C spectrum from a metabolically active tissue that is known to be in metabolic as well as isotopic steady state (32) .
To determine whether such measurements could be made from intact rodent skeletal muscle by using 1 Hand 13 C-NMR methods, in the second of these papers we have recently demonstrated that the competition between utilization of acetate and lactate can be detected and monitored in the hindquarter muscles of the intact, anesthetized rat (5) . This demonstration is important because of the long-term potential for this methodology to provide a wealth of information about metabolic regulation not obtainable from other types of methodolo-gies (20, 31, 49) . In our study (5) , which used the simplest possible combination of oxidizable substrates to minimize the complications of the analysis, our principal finding was that, contrary to the more classic view of lactate, exogenous lactate was readily oxidized by rat muscle, even during contraction.
Because our original implementation of this methodology was in the intact, anesthetized rat, our results may have been complicated by the possibility of label uptake, metabolism, and/or scrambling in tissues other than skeletal muscle. To address this possible limitation, we have modified our procedure to administer the exact same label, in the same concentration of substrates, for the same period of time, but now into the isolated perfused rat hindquarter. With such a preparation and its isolated circulation, we would continuously sample the perfusate, both inflow and outflow, and interpretation of the data would be simplified. Furthermore, if we could demonstrate that such a model could be used for these types of studies, it would be possible in the future to combine this model with pharmacological interventions that would poison one or more metabolic pathways (15, 39) without concern for the possibility that use of these poisons would alter the function of one of the other organ systems or, worse, would kill the animal. Therefore, using the model of the isolated perfused rat hindquarter, we employed 1 H-and 13 Cmagnetic resonance spectroscopy (MRS) and isotopomer analysis to monitor the patterns of 13 C-labeled lactate and acetate utilization by the isolated rat hindquarter muscles during rest and contraction. 
MATERIALS AND METHODS

All
Hindquarter Surgical Preparation
The isolation of the hindquarter was a modification (14) of the preparation described by Ruderman et al. (41) . Briefly, the rats were weighed and anesthetized with an intraperitoneal injection of 1-3 ml/kg ketamine-xylazine mixture (6 mg/ml xylazine, 94 mg/ml ketamine). Incision areas (neck, abdomen, and legs) were shaved with a razor blade, and the carotid artery was catheterized and connected to a fluid-filled pressure transducer (model P23XL Gould Transducer, Future Tech, Birmingham, AL) to continuously monitor heart rate and blood pressure throughout the surgical procedure. After a tracheotomy was performed, 0.5% isofluorane (Isotec 3 vaporizer, Matrix Medical, Buffalo, NY) in a 100% O 2 mixture was used to anesthetize the rats and was delivered via a positivepressure ventilator (model 683 small-animal ventilator, Harvard Apparatus, South Natick, MA) at a rate of 1.25 ml/min and ϳ80 breaths/min. Systemic blood gases were monitored by using a blood-gas analyzer (Instrumentation Laboratory, Lexington, MA). The gas mixture and/or ventilation rate was adjusted to maintain blood pH 7.0-7.4, arterial O 2 saturation to Ն 99%, and PCO 2 between 22 and 32 Torr. Temperature was maintained at 37°C with an external heating pad placed under the rat, in combination with the heat radiating from the incandescent light source illuminating the surgical field. The calcaneal tendons and left sciatic nerve pocket were surgically isolated, and the skin was separated but not removed from the hindlimbs. After evisceration, the descending aorta was cannulated caudal to the renal arteries. Immediately after an initial bolus of 500 U heparin, perfusion was initiated (perfusate composition described in Perfusate). The vena cava was cannulated ϳ5 mm proximal to the iliac veins, and, after the initial 30 ml were discarded, the effluent was recirculated back to the perfusate reservoir. Any ensuing leaks were either cauterized or ligated depending on location. Once the perfusion was stable, the rats were euthanized with a direct cardiac injection of 120 mg/kg Nembutal. Perfusate flow was gradually increased (over 10-15 min) to 13.9 Ϯ 0.8 ml/min. Mean arterial pressure was ϳ90-100 mmHg. The left sciatic nerve was bathed in mineral oil and isolated from surrounding tissue. Nerve viability was maintained by regular topical application of mineral oil during the remainder of the experiment.
Muscle contraction. After 30 min of hindquarter perfusion, the muscles of the left limb were stimulated to contract by application of external electrical stimulation to the sciatic nerve. Custom-built silver electrodes connected to an electrical stimulator and isolation unit (Grass models S88 and S7, respectively, New Astromed, West Warwick, RI) were used to deliver 100-ms trains of pulses (100 Hz, 0.2-ms duration, no delay) at twice the motor threshold voltage (typically 1-2 V) at 8 tetani/min for 30 min. The muscles of the right limb were the internal resting contralateral controls. The left calcaneal tendon was attached to a force transducer (Grass model FT-10, New Astromed), and the output was recorded on a strip-chart recorder (model 8K23, Soltec, San Fernando, CA). Input voltage was increased over the 30 min of stimulation to maintain the initial contractile force output.
Perfusate. The perfusate was a modified Krebs-Henseleit buffer of 115 mM sodium chloride, 5.9 mM potassium chloride, 25 mM sodium bicarbonate, 1.2 mM magnesium sulfate, 1.2 mM sodium phosphate, 2.5 mM calcium chloride, 4% bovine serum albumin, 2 mM [1,2-13 C]acetate, and 5 mM [3-13 C]lactate and suspended washed bovine erythrocytes, prepared from blood from a local meat-processing plant. Blood was collected in a plastic vessel containing acidcitrated dextrose (23 mM citric acid, 51 mM sodium citrate, and 82 mM glucose) in volumes of 4-5:1, respectively. This solution was washed and spun three to five times in equal volumes of saline and two to four times in equal volumes of a modified version of the above perfusate (5.5 mM glucose, without labeled substrates). Washed erythrocytes were subsequently stored at ϳ50% hematocrit in the modified perfusate with added penicillin-streptomycin (Sigma Chemical, St. Louis, MO) and used within 7 days. The day of surgery, erythrocytes were washed two to three times in the modified perfusate (without glucose) and brought up to a physiological hematocrit (35.8 Ϯ 0.7) in the original perfusate.
During surgery, perfusate was kept in a custom-built reservoir at 37°C by using a heated water bath (Lauda model MS6, Brinkman Instruments, Westbury, NY) and oxygenated with a 95% O 2 -5% CO 2 gas mixture. Samples of the perfusate were taken 1) before surgery, 2) during rest, and 3) halfway through the muscle contraction period. Perfusate samples were extracted and prepared for 1 H-MRS analysis by using the same extraction methods used for homogenized muscle (see Tissue Preparation). 13 C-labeled reagents were purchased from Cambridge Isotope Laboratories (Andover, MA). All other reagents were purchased from Sigma Chemical.
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Tissue Preparation
At the end of the perfusions, the gastrocnemius and soleus muscles were isolated from the left (contracting) and then the right (contralateral resting) limbs and were freeze clamped with Wollenberger tongs precooled in liquid N 2 . The frozen muscles were immersed in liquid N 2 and stored at Ϫ80°C until extraction. Muscles obtained from two rats were pooled and extracted together to increase the metabolite concentration of the extract. The paired muscles were homogenized with a motor-driven tissue grinder (model 133/1281-0, Biospec Products, Bartlesville, OK) in perchloric acid and spun for 15 min at 20,000 g, and the supernatant was neutralized to a pH of 7.0 Ϯ 0.2 with potassium hydroxide and perchloric acid, spun for 15 min at 20,000 g, and lyophilized overnight in a rotary evaporator (speedvac: Savant Instruments, Farmingdale, NY; lyophilizer: Flexi-Dry microprocessor, FTS Systems, Stone Ridge, NY). Mitochondrial and cytosolic compartmentation was not preserved. The lyophilate was then brought to a volume of ϳ450 µl in deuterium oxide (Cambridge Isotope Laboratories) and the muscle extracts were analyzed by using magnetic resonance (MR) and fluorometric spectroscopy techniques (see MRS).
MRS
Each muscle extract was pipetted into a 5-mm-diameter glass MR tube and capped. MR spectra were acquired by using a 5-mm-diameter broadband probe in a 9.4-T/8.9-cmdiameter vertical bore magnet (Oxford, Oxford, UK) with a GN-400 console (Bruker, Billerica, MA). The probe was tuned and matched for 2 H, 1 H and 13 C resonances and computer shimmed on the 2 H signal before data were acquired. The computer-shimming process was iterated twice to an end point of convergence. The typical line width of the residual water peak was Ͻ6 Hz.
13 C-MRS. Proton-decoupled 13 C-MR spectra were obtained (32-K blocks, spectral width ϭ 20,000 Hz) with a pulse repetition rate of 1 s and a pulse width of 8 µs (45°flip angle). The 1 H decoupling scheme was WALTZ16 with ␥H 2 of ϳ2,000 Hz. For each gastrocnemius extract, the number of acquisitions (na) ϭ 10,000 for a total collection time of ϳ7 h and 20 min. For each soleus extract, na ϭ 20,000 for a collection time of ϳ14 h and 40 min. 1 H MRS. 1 H-MR spectra were obtained (8-K blocks, spectral width Ϯ 6,000 Hz) with a pulse width of 8 µs (90°flip angle). Solvent signal was suppressed with a continuous low-power 2-s presaturation pulse with a bandwidth of 0.1 parts/million (ppm). For each extract, na ϭ 64 for a total collection time of ϳ10 min.
Spectral analysis. Raw NMR data files were downloaded to magnetic tapes and analyzed on a dedicated data-analysis workstation (SunSPARC station 10 GX, Sun Microsystems, Mountain View, CA) by using data-analysis software (NMR1, Tripos, St. Louis, MO). The free-induction decays were Fourier transformed, and the areas of each relevant resonance were determined by curve fitting by using a Lorentzian function over a distance of Ϯ2.5 line widths.
Non-steady-state isotopomer analysis was used to calculate fractional enrichment values and assess the oxidation of the competing [1,2-13 C]acetate, [3-13 C]lactate, and unlabeled substrates to the acetyl-CoA pool (33) . Comparison of our spectra to known homo-and heteronuclear J-coupling constants were used to aid in peak identification (1, 30) .
The relative areas of the individual spectral peaks (Table 1 ) were calculated and are expressed normalized to the peak area of the C-2 taurine resonance, which was treated as an internal standard. The singlets arising at 36.2 (taurine C-2) 
13.6 Ϯ 3.7 13.6 Ϯ 0. Values are means Ϯ SE in nmol/g. Metabolite values were normalized to the peak area of taurine carbon 2 (C-2), which for gastrocnemius is 11 µmol/g and for soleus is 18 µmol/g, all at 1.1% natural abundance of 13 C, P Ͻ 0.05. * Different from rest, P Ͻ 0.05. † Different from gastrocnemius, same conditions, P Ͻ 0.05. 2079 and 48.4 (taurine C-1) ppm from 1.1% 13 C natural abundance are prominent in each 13 C spectrum. We used taurine as an endogenous internal standard because the concentrations of taurine in muscle were not expected to be altered with our experimental design (26) . Skeletal muscle concentration of taurine is ϳ10.7 µmol/g in gastrocnemius muscle of female rats (2) , and the concentration of taurine in gastrocnemius muscle is a little less than two-thirds that of soleus muscle (19) . In these experiments, 11 µmol/g in gastrocnemius and 18 µmol/g in soleus muscle were used as estimates of endogenous taurine concentration.
Assays of Total Metabolite Concentrations
We used standard enzyme-linked fluorometric assay methods to measure alanine, aspartate, citrate, creatine, creatine phosphate (PCr), dihydroxyacetone phosphate, glutamate, glutamine, glycerol 3-phosphate, ␣-ketoglutarate, lactate, malate, pyruvate (37) and succinate (4) with the following modifications: 1) creatine: ATP concentration was decreased to 25 mM and 2) ␣-ketoglutarate: buffer was imidizole (vs. imidizole acetate) with an increase in ammonium acetate to 33 mM. All chemical reagents were purchased from standard commercial sources (Sigma Chemical or Boehringer Mannheim, Indianapolis, IN). Before use, the fluorometer (model 159200, Optical Technology Devices, Elmsford, NY) was calibrated with a series of freshly prepared solutions of NADH having concentrations that were determined spectrophotometrically (model DU650 spectrophotometer, Beckman Instruments, Fullerton, CA) on the basis of the intrinsic extinction coefficient of NADH at 340 nm (37) . For each fluorometric assay, a standard curve was constructed by using standards prepared by weight with use of an analytic balance (model 200PM, Mettler Instruments, Hightstown, NJ) over an order of magnitude range (encompassing the concentration of interest), in triplicate, to ensure linearity before any assay was performed on the muscle extracts. Two complete sets of pooled muscle samples were analyzed in triplicate at any one time (24 tubes/assay).
After fluorometric analysis was completed for a muscle extract, each data point for each assay was expressed relative to the wet weight of the muscle and relative to the total creatine content (25) . We found that the reference base had little effect on the relative concentrations of any of the metabolites. Therefore, we expressed these values relative to the wet weight of the muscle so that labeled and total metabolite concentrations could be directly compared and fractional enrichment values could be easily calculated.
Statistics
Results are expressed as means Ϯ SE. The Student's t-test was used to compare all measured data. Paired t-tests were used to make comparisons across one leg (gastrocnemius vs. soleus) or one animal (resting vs. contracting). For each MRS and biochemical assay data point, n ϭ 8 rats (2 rats pooled for each measurement to get n ϭ 4 data points), except for contracting gastrocnemius where there were n ϭ 6 rats (thus n ϭ 3 data points). For calculations using non-steady-state isotopomer analysis (Tables 2 and 3) , resting soleus muscle values also included n ϭ 3 data points; otherwise n ϭ 4 for resting soleus muscle. Means were considered to be different for P Ͻ 0.05 where, for statistical purposes, n was defined conservatively as the number of data points rather than as the number of animals.
RESULTS
Physiological Measurements
Hindquarter perfusate flow rate was held constant [13.9 Ϯ 0.8 ml/min during rest and 13.6 Ϯ 0.8 ml/min during contraction; not different (P Ͼ 0.05) during contraction] at a level greater than that required for maximal hindquarter V O 2 [9.6 Ϯ 0.9 ml O 2 · min Ϫ1 · g Ϫ1 during rest, 8.1 Ϯ 0.5 ml O 2 · min Ϫ1 · g Ϫ1 during contraction; not different (P Ͼ 0.05) during contraction]. As muscle fatigue became evident, the sciatic nerve stimulating voltage was increased so that force output was maintained as much as possible. In general, by the end of the 30-min period of contractile activity, force output was 30-50% of the initial output.
C-MRS Analysis
As we examined each spectrum, we found abundant evidence that exogenously administered [3-13 C]lactate and [1,2-13 C]acetate were well incorporated into the muscles and had participated in many biochemical pathways. Although space limitations in this paper prevent display of more than a few selected spectral regions, there was prominent 13 C signal evident in all spectral regions, throughout the entire chemical shift range. During the examination of the spectra, we found peaks arising from label incorporation into all types of Table 2 . Multiplets in the 13 Values are means Ϯ SE in units of relative peak area within each glutamate carbon (C-3 or C-4). For glutamate C4, areas are listed for singlet (C-4S), doublet 34 (C-4D34), doublet 45 (C-4D45), and quartet (C-4Q). For glutamate C-3, areas are listed for singlet (C-3S), doublet (C-3D), and triplet (C-3T). * Different from rest, same muscle, P Ͻ 0.05. † Different from other muscle type, same conditions, P Ͻ 0.05. moieties, from fats to carbohydrates, CAC metabolites, and amino acid products.
For many technical reasons, it is much more difficult to make an absolute, rather than a relative, quantitation of the amount of a metabolite producing a spectral peak. However, there are many important types of assessments of any spectral data that require some knowledge of the overall enrichment of a particular spectral peak (32) . To aid in making more useful judgments about the relative sizes of the spectral peaks in the spectra, we have chosen to present the relative sizes of the peaks in two different ways: with reference to taurine C-2 (Table 1) and to each other (Table 4) . When the sizes of peaks are expressed relative to an endogenous (unenriched) natural abundance peak such as taurine (Table 1) , it is more possible to reference the size of any peak to the possible contributions from natural abundance (endogenous, unenriched) or enrichment via incorporation of exogenous (enriched) [3-13 C]lactate or [1,2-13 C]acetate. In particular, this will facilitate comparison between different spectra (where the taurine can be expected to be, but where relative label enrichment may not be, relatively constant) or more importantly, between different muscle types. On the other hand, when the sizes of peaks are expressed relative to each other (Table 4) , peak area ratios much more reflect the relative incorporation of label with relatively little ability to assess any differential contribution from naturally abundant (endogenous, unenriched) moieties.
Evidence of [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate incorporation. After examination of the spectra, and calculation of the spectral peak areas (Table 1) , it was clear that [ 13 C]acetate readily entered both gastrocnemius and soleus muscle tissue and was utilized for metabolism. In gastrocnemius muscle, there were peaks (Table 1) arising from acetate C-2 [three peaks: a singlet at, and a doublet centered around, 24.2 ppm] and acetate C-1 (a doublet centered around 182.3 ppm). In most soleus extracts, although the overall signal-to-noise ratio was lower, doublets were visible both at acetate C-1 and C-2.
Evidence of [3-13 C] lactate incorporation. In gastrocnemius muscle, incorporation of [3-13 C]lactate was always clearly evident from the large central C-3 peak (21.0 ppm) and the doublet arising from the [2,3-13 C]lactate molecule ( Table 2) . Multiple-peak (multiplet) patterns were also centered about the lactate C-2 (69.4 ppm) and C-1 (183.3 ppm) ( Table 4) . That this lactate entered directly into metabolism was evident from the singlet in the pyruvate C-3 (26.7 ppm) region. In soleus, although there was also signal visible in all three lactate carbons, there were peaks from [2,3-13 C]lactate (Table 4) . In some extracts, it was also possible to see a small singlet from pyruvate C-3.
Other evidences of incorporation of [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 
Oxidative Incorporation
Both exogenous 13 C-labeled substrates were incorporated oxidatively into the CAC as evidenced by the labeling patterns (Fig. 1) in both the glutamate C-3 and C-4 regions (Figs. 2 and 3) . By application of the nonsteady-state isotopomer analysis equations (33) to the measured peak areas of the multiplets of the glutamate C-3 and C-4 (Table 2), the calculations (Table 3) indicate that the CAC acetyl-CoA pool in muscle was predominantly derived from 13 C-labeled acetate (over 50% in all muscles). The CAC acetyl-CoA pool was derived to a lesser degree from 13 C-labeled lactate. 13 Clabeled lactate was the source for 24% of the acetyl-CoA pool during rest and contraction in gastrocnemius muscle and for 16% at rest and 19% during contraction in soleus muscle (Table 3) . In all cases, the unlabeled fraction of acetyl-CoA entering the CAC was Ͻ30% (Table 3) .
Label in CACI. Other CAC metabolites were also enriched (Table 1) C-4 (181.6 ppm) were visible in resting gastrocnemius and contracting soleus muscle extracts. Signal in the regions where fumarate C-2-C-3 (136.2 ppm) and succinate C-1-C-4 (183.1 ppm) resonate was visible in gastrocnemius but not soleus muscle. Distinct multiplets arose from incorporation of label into the C-2-C-3 of succinate (35.0 ppm) in gastrocnemius muscle (Fig. 1) and to a lesser degree in soleus muscle (Fig. 2) . Muscle contraction increased signal from succinate C-1-C-4 (Table 1 ) and the ratio of succinate C-2-C-3 to glutamate C-4 in gastrocnemius muscle (Table 4) .
H-MRS
The ratio of [2-13 C] (labeled) to [2-12ϩ13 C] (total) acetate and [3-13 C] to [3-12ϩ13 C] (total) lactate (Fig. 4) in the perfusion medium decreased continuously during each procedure (Fig. 5) . Both ratios declined more or less continuously; however, the rate and magnitude of the change in the lactate ratio were greater than those of the acetate ratio, and, by the end of the experiments, almost all [1,2-13 C]acetate had been taken up by the hindquarter.
Although [2-13 C]acetate was visible in spectra from the perfusate (Fig. 5) , it was more difficult to detect in the muscle extracts themselves (Fig. 6) . The acetate peaks were larger in contracting soleus than in gastrocnemius muscle, but, in both muscles, the ratio of labeled to total acetate was not different after contraction (Fig. 6) . In contrast, peaks corresponding to [3-12 C] and [3-13 C]lactate were clearly visible in all muscle extracts and were generally much larger than the analogous acetate peaks (Fig. 6) . During contraction, the ratio of labeled to total lactate was visibly decreased in gastrocnemius but not in soleus muscle (Fig. 6) .
Fluorometric Metabolite Assays
Concentrations of total (labeled plus unlabeled) metabolite pools were measured in each muscle extract (Table 5 ). Contraction increased [lactate] in gastrocnemius muscle and succinate concentration in soleus (Table 5) . Total metabolite concentrations were larger in soleus than in gastrocnemius muscle with the following exceptions: 1) lactate, 2) glycerol 3-phosphate, and 3) succinate (Table 5) .
DISCUSSION
We have previously demonstrated this combination of NMR methodologies to study rat skeletal muscle substrate utilization (5); however, these experiments involved systemic administration of substrate via the jugular vein into an intact anesthetized rat. Although clear and analyzable results were obtained, we could not discount the possibility that the pattern of substrate availability may had been influenced by substrate metabolism in any of several internal organs, particularly the heart and liver. Therefore, our goal in the present study was to modify the methodology to isolate the hindquarter muscles and then reexamine the pattern of substrate utilization in an analogous manner. We believe these data represent the first use of this combination of NMR methodologies to study the effects of metabolic stress in isolated perfused rat hindquarter muscles. We found that 1) our application of the isolated, perfused rat hindquarter preparation produces a similar pattern of utilization with the same exogenous substrates as in an intact animal with systemic venous infusion (5); 2) [3-13 C]lactate is oxidatively incorporated in con- The preparation was very stable. We used a hindquarter flow rate adequate to elicit its highest possible V O 2 .
In preliminary experiments, we found that the hindquarter muscle remained viable for over 2 h of perfusion, even with perfusion in which buffer without erythrocytes was used (unpublished observations). Because the bioenergetic state of the muscle would be expected to be reflected by PCr concentration ([PCr]) (34), we used this as an index of tissue viability. [PCr] found in resting muscle of the intact rat is ϳ16 (43) to 23 µmol/g (35) for gastrocnemius and between 11 (43) and 13 µmol/g (35) for soleus. We found that [PCr] in extracts of gastrocnemius was 18.65 µmol/g in resting and 13.75 µmol/g in contracting muscle; in extracts of soleus it was 11.03 µmol/g in resting and 10.02 µmol/g in contracting muscle (Table 5 ). Inasmuch as it would be expected that [PCr] would decline during the 1) 10-60 s between the end of perfusion and the freeze clamping, 2) inevitable hydrolysis of creatine phosphate during the extraction process, and 3) time the extract was at room temperature in the magnet, we believe such high [PCr] is abundant evidence of a well-oxygenated, stable intact muscle preparation and that the lower gastrocnemius [PCr] in contraction is evidence of the metabolic load from the contractile activity.
We imposed muscle contraction to increase the metabolic demand of those muscles. Although we employed a low-intensity-stimulation protocol (14, 17) , it was still severe enough that the muscle fatigued to end force outputs of 30-50% of the initial force output and [PCr] fell ϳ35%. Our inability to detect an increase in hindquarter V O 2 during contraction was likely due to the combination of the 1) small mass of contracting muscle (14) and 2) constant flow rate during rest and contraction (hindquarter flow was kept constant and in our hands represented a maximally dilated preparation; data not shown). Thus our result was not surprising because, typically, increased V O 2 during muscle contraction in the isolated perfused rat hindquarter preparation is brought about by increased pump flow rate 
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(which we kept constant) over that of rest and much less that of contractile rate (16) .
As in the whole-animal infusion preparation (5), labeled acetate was readily taken up by this muscle preparation. We chose to provide 2 mM acetate because this was midway between the normally quite low (0.15-0.20 mM) concentration of acetate found in the arterial blood of rats (38) and the 3.5 mM vascular acetate used by Szczepaniak et al. (49) , about as high a concentration as is normally found in humans after renal dialysis against acetate-containing buffer (45) . The normally occurring 0.2 mM acetate would not be high enough to result in enrichment of the acetatederived acetyl-CoA pool adequate to produce analyzable 13 C spectra. On the other hand, although the 3.5 mM concentrations would provide the greatest likelihood of acetyl-CoA pool enrichment, such a concentration might require addressing questions of methodological artifact. Thus, at a 2 mM concentration, we could expect that incorporation of [1,2-13 C]acetate would be adequate to allow for accurate spectral analysis with minimal complication from an excessive concentration load.
In the gastrocnemius spectra, labeled acetate was easily visible as three peaks at C-2 and a doublet at C-1. The three peaks in C-2 arose from the sum of two separate pools of [2-13 C]acetate: a pool of [2-13 C]acetate likely derived from [3-13 C]lactate via acetyl-CoA hydrolase (27) in combination with the pool of [1,2-13 C]acetate. The latter would be the sole source of the doublet in C-1 and account for the observed acetate doublets in soleus muscle spectra. Labeled carbons from acetate also enriched the acetylcarnitine and acetoacetate pools. There was a doublet in the methyl resonance from acetylcarnitine (-CO-13 CH 3 ) and multiplets in the regions where the C-1 and C-4 of acetoacetate resonate. These could only arise from incorporation of the labeled acetate.
Both muscles also readily incorporated lactate. We chose to provide 5 mM lactate because this was about midway between the 1.0 mM lactate concentration normally found in the arterial blood of resting rats (38) and the blood lactate concentrations normally found after exhaustive exercise in humans (15-20 mM) (9) or in the Thoroughbred horse (up to 30 mM) (40) . Thus we chose a [lactate] that was about what could be expected to be found in the muscles of these animals after in situ contractions. At this concentration, we could expect that the incorporation of [3-13 C]lactate would be adequate to allow for accurate spectral analysis with minimal complication from excessive concentration load.
There was a large singlet at lactate C-3, a smaller peak at C-2, and one still smaller at C-1 ( Table 1 ). The multiplet patterns on either side of the C-3, C-2, and C-1 singlets in gastrocnemius muscle (Table 2 ) meant Values are means Ϯ SE of total (labeled ϩ unlabeled) metabolite concentrations expressed in µmol/g. CAC, citric acid cycle. * Different from rest, P Ͻ 0.05. † Different from gastrocnemius, same conditions, P Ͻ 0.05. ‡ Sum all gastrocnemius different from sum all soleus, P Ͻ 0.05. These lactate isotopomers were produced by some combination of labeled acetyl-CoA entering the CAC at citrate with subsequent mixing through CAC turnover and/or label scrambling at succinate and/or fumarate and then exiting at malate and/or oxaloacetate to generate labeled pyruvate, which produced all the observed combinations of label in lactate. Alternatively, one cycle through gluconeogenesis as far as phosphoenolpyruvate and then back through the glycolytic pathway to pyruvate could produce some of this pattern of label in lactate as well, and this type of pathway utilization is supported by label incorporation in alanine C-2 in all muscles (Table 1) . Although it might appear surprising that this pyruvate cycling would occur in contracting muscle, normally considered bioenergetically stressed, this is consistent with a continual and concurrent entry of substrate into glycogen synthesis, which has been demonstrated in both resting and exercising rat muscle (18) . Our observation of label in the area where glucose C-1 resonates as well as signal in several other glycolytic intermediate regions is also consistent with this observation, although signal from natural abundance of these glycolytic intermediates cannot be ruled out.
Based on the direct-analysis method of isotopomer calculations (32) , which depends on the relative ratio of the peaks in the glutamate C-3 and C-4 multiplets (Table 2) , the fraction of acetyl-CoA entering the CAC from [1,2-13 C]acetate in resting gastrocnemius muscle was 56% (F c3 ), whereas 24% came from [3-13 C]lactate (F c2 ), and the remainder, 19%, came from endogenous sources (F c0 ) ( Table 3) . In soleus muscle, these relative fractional enrichments were 73, 16, and 11%, respectively (Table 3) . During contraction, these fractions were not different. It is interesting to note that, even during contraction, where one might have expected an increase in the rate of production of endogenous (unenriched) lactate to lower the rate of incorporation of exogenous lactate, this calculated F c2 did not decrease.
With this experimental design, the calculated F c2 depends mostly on the relative area of the singlet of the glutamate C-4 region (Table 2) , the size of which is the summed contribution of unlabeled (therefore, in a 98.9:1.1 ratio of 2-12 C to 2-13 C) acetyl-CoA (from all endogenous sources, at a 1.1% natural abundance in 13 C) and [2-13 C]acetyl-CoA, which in this experiment can only come from exogenous [3-13 C]lactate. During contraction, it is expected that the rate of production of endogenous (i.e., unenriched, or 98.9% 12 C) lactate in the cell would increase. This would increase the overall ratio of 12 C to 13 C lactate in the muscle (a sum of the intracellular, interstitial, and vascular volumes). If this occurred, the rate of oxidation of lactate remained constant, and the proportion of intracellular vs. extracellular lactate oxidation remained constant, the rate of entry of unlabeled lactate into the citric acid cycle would increase in proportion. 1 H spectra (Fig. 5 ) from perfusates indicate that the relative fraction of unlabeled (the doublet labeled 12 C lactate) to labeled (the adjacent doublets labeled 13 C lactate) actually increased during contraction. This means that the perfusate was less enriched in[ 13 C]lactate, thereby diluting the lactate-derived acetyl-CoA pool. In contrast, 1 H spectra (Figs. 4 and 6 ) from muscle extracts indicate that there was no difference in the ratio of unlabeled to labeled lactate. Because the muscle lactate is the sum of endogenous (98.9% unenriched) and exogenous (from Fig. 5, ϳ50% unlabeled) lactate, for F c2 to remain constant, the fraction of exogenous lactate oxidized must have increased during contraction.
Furthermore, it is important to remember that relative oxidative fractional utilization we calculated may actually underestimate the total fraction of acetyl-CoA that entered the CAC oxidatively from lactate because we cannot determine from these data alone how much of the endogenous unenriched acetyl-CoA comes from endogenous unenriched (or, for that matter, exogenous) lactate. Moreover, the singlet in the glutamate C-4 region, arising from first-time incorporation of [3-13 C]lactate, visibly increased during contraction in both gastrocnemius and soleus muscle (Figs. 2 and 3) . Such an oxidation of exogenous lactate, even during this period of metabolic stress, is inconsistent with the concept of lactate accumulation as an index of anaerobic threshold (50) . In contrast, it provides strong support for the view of lactate not as a metabolic end or waste product (13) but as a mobile glycogen (treating glycogen-derived lactate oxidized by an adjacent cell or in another part of the same cell as having the same function and energetic cost as one-half of a glycogen-derived glucosyl unit), which is in a readily oxidizable form (6), perhaps because lactate can be found in a subcellular compartment or in a form in which it can be preferentially oxidized (47) . This has previously been observed in the heart (47) where there was evidence that vascular lactate was preferentially transferred to mitochondria. We found a similar pattern in gastrocnemius extracts (Table 6) , where the 13 C enrichments of alanine C-3 and acetyl-CoA C-2 were not different but were different from that in lactate C-3. Such a pattern is consistent not only with an extracellular (6) but also with an intracellular lactate shuttle mechanism (7). 
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One of our goals was to demonstrate that it would be possible to provide 13 C-labeled substrates to intact rat muscle and detect the effect of an altered metabolism on their relative incorporation. Ideally, any such 13 C experiment would result in enough of a 13 C enrichment of the acetyl-CoA pool that an accurate isotopomer multiplet analysis could be done. The accuracy of an isotopomer multiplet analysis is increased as a function of the fractional enrichment of the acetyl-CoA pool entering the CAC (32) . Such enrichment will increase with increasing concentration of 13 C-labeled acetyl-CoA precursors and infusion or perfusion time. By comparing the area of the taurine C-2 peak (as an internal reference) with the glutamate C-4 multiplets, we can estimate the degree to which the glutamate pool is enriched in 13 C. With use of this sort of estimation, the total amount of glutamate enriched in 13 C at the singlet position was ϳ5%, which was no different from what we found previously with a jugular infusion (over the same 30-min period) of the same mixture and concentration (5 mM [3-13 C]lactate and 2 mM [1,2-13 C]acetate) of substrates (5) . Thus this isolated hindquarter preparation took up exogenous lactate no differently than muscle in the intact, anesthetized rat (5) .
Careful examination of the in vivo 13 C spectra from the only other comparable experiment, 3.5 mM vascular [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] acetate in the rabbit (49), using the same method of estimation (comparison with the size of the endogenous taurine C-2 peak), at the 30-min point (half time of enrichment of 17 min), the glutamate singlet was ϳ13% enriched in 13 C. At this point, it is impossible to determine how much of the difference between 5% (our data and Ref. 5 ) and 13% (in the rabbit) (49) may be due to any intrinsic differences between the rabbit and the rat, differences in the endogenous glutamate concentrations, the use of [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Anaplerotic entry of carbohydrates to maintain CACIs has been speculated to be required to support normal muscle oxidative capacity during exercise (12) . Although we could not calculate anaplerosis from our data, as done in the rabbit by using a 2-h infusion of 3.5 mM [2-13 C]acetate (49), evidence supporting nonoxidative entry of labeled carbohydrate could be inferred from the labeling pattern in contracting gastrocnemius muscle. The ratio of label incorporation in the succinate C-2-C-3 region vs. that of glutamate C-4 increased in gastrocnemius muscle during contraction (Table 4) . Additionally, the pattern of succinate label incorporation during contraction does not reflect the doublet 45 observed in the glutamate C-4 region but instead demonstrates an increased singlet (Fig. 2) . In heart, the succinate isotopomer composition has been demonstrated to reflect that of both glutamate and ␣-ketoglutarate (22) . Our results in gastrocnemius muscle indicate a difference in labeled substrate incorporation in ␣-ketoglutarate (in exchange with glutamate) vs. succinate. Such a difference in labeling pattern between succinate and the glutamate-␣-ketoglutarate isotopomers, particularly considering the pattern of succinate label incorporation, is consistent with nonoxidative labeled lactate entry into the CAC via pyruvate, most likely through pyruvate carboxylation.
In contrast to contracting gastrocnemius muscle, limited succinate label incorporation was visible in contracting soleus muscle (Fig. 2, Table 1 ), although the total concentration of succinate was about twofold higher (Table 5) . Although the reason for this is unclear, it was not due to an inability to detect labeled succinate. 13 C incorporation into carbons of other metabolites (e.g., glutamate) was readily observed in soleus muscle; thus, if succinate had been similarly enriched, peaks would have been as visible in the soleus muscle spectra. This observation suggests that there was a difference between gastrocnemius and soleus muscle in how the labeled substrates were metabolized once they entered the cells. However, there was other evidence of nonoxidative entry of endogenous (unenriched) carbohydrate into contracting soleus muscle. For example, there was an increase in total succinate concentration in contracting soleus muscle (Table 5 ). This was not accompanied by increases in labeled succinate pools; thus this increase must have arisen from unlabeled sources. Pyruvate carboxylase activity has been shown to increase with muscle contraction (29); therefore, it is possible that endogenous carbohydrate-derived pyruvate was responsible for the increased succinate concentration during contraction, although contribution via fumarate from the purine nucleotide cycle cannot be ruled out. Further support for nonoxidative entry of endogenous carbohydrate during contraction in soleus muscle was obtained from the combined results of 1) no change in oxidative fractional enrichment values from rest (Table 3) and 2) decreased fractional enrichment of the CAC pool [as estimated by the sum of the labeled concentrations of malate C-3, succinate C-2-C3 and citrate C-2 (Table 1 )/the sum of the total concentrations of the same metabolites (Table 5) ] from 0.05 Ϯ 0.02 during rest to 0.03 Ϯ 0.01 during contraction.
In summary, we have demonstrated the application of 1 H-and 13 C-MRS and 13 C-isotopomer analysis of the utilization of [3-13 C]lactate and [1,2-13 C]acetate by resting and contracting muscles of the isolated perfused rat hindquarter preparation. This combination of methodologies avoids some of the methodological limitations of radioactive tracers (6, 20) and therefore represents a powerful alternative means by which to monitor the regulation of substrate utilization by intact mammalian skeletal muscle during normal and stressed metabolic conditions. Our results indicate that 1) our application of the isolated perfused rat hindquarter preparation produces a similar pattern of utilization with the same exogenous substrates as in an intact animal with systemic venous infusion (5); 2) [3-13 C]lactate is oxidatively incorporated in contracting, as well as resting muscle; 3) entry and exit from the CAC via nonoxidative pathways are components of normal muscle metabolism; and 4) nonoxidative CAC entry of 2087 carbohydrate-derived pyruvate during contraction may be required for normal muscle function.
Perspectives
Although the classic view of lactate is as a metabolic ''poison'' (50) or, after production during anaerobiosis and/or export from the cell, as a precursor for glucose production (6), there are a large amount of published data that indicate that lactate is a readily oxidized skeletal muscle substrate. Our data from resting and contracting muscle provide further support for lactate oxidation, even in predominantly fast-twitch contracting muscle in the presence of the accumulation and thus increasing concentration of total lactate. Furthermore, these data provide support for the lactate shuttle concept, which hypothesizes that production of lactate from glycogen in one muscle cell may function as a mobile carbohydrate, and be taken up and oxidized by an adjacent muscle cell (6), or within a different compartment in the same cell (7) .
It has been suggested that carbohydrate depletion during prolonged exercise may impair aerobic energy production by reducing the levels of CACIs (42) . If V O 2 and oxidative phosphorylation were limited not only by oxygen itself but also by CAC pool size, then this would indicate a requirement for maintenance of CACI concentrations in working muscle. Results from these experiments are consistent with the concept that nonoxidative entry of carbohydrate-derived pyruvate is required for normal muscle function. Thus our data provide a direct mechanistic explanation for the observed carbohydrate shift (9) during incremental exercise and explain the necessity for carbohydrates in fulfilling a metabolic requirement that is not possible via free fatty acid metabolism alone.
